Cyanobacterial microcystins (MCs) represent a toxin group with> 100 variants, requiring active uptake into cells via organic anion-transporting polypeptides, in order to irreversibly inhibit serine/threonine-specific protein phosphatases. MCs are a human health hazard with repeated occurrences of severe poisonings, In the well-known human MC intoxication in Caruaru, Brazil (1996), patients developed signs of acute neurotoxicity, e.g., deafness, tinnitus, and intermittent blindness, as well as subsequent hepatotoxicity. The latter data, in conjunction with some animal studies, suggest that MCs are potent neurotoxins. However, there is little data to date demonstrating MC neuron-specific toxicity. MC exposure-induced cytotoxicity, caspase activity, chromatin condensation, and microtubule-associated Tau protein hyperphosphorylation (epitopes serine199/202 and serine396) were determined. Neurite degeneration was analyzed with confocal microscopy and neurite length determined using image analysis. MC-induced apoptosis was significantly increased by MC-LF and MC-LW, however, only at high concentrations (~ 3 .... M), whereas significant neurite degeneration was a lready observed at O.S .... M MC-LF. Moreover, sustained hyperphosphorylation of Tau was observed with all MC congeners, The concentration-and congener-dependent mechanisms observed suggest that low concentrations of MC-LF and MC-LW can induce subtle neurodegenerative effects, reminiscent of Alzheimer's disease type human tauopathies, and thus should be taken more seriously with regard to potential human health effects than the apical cytotoxicity (apoptosis or necrosis) demonstrated at high MC concentrations.
, suggesti ng that MCs could pass the human BBB . The latter hypothesis is supported by data from MC organ distribution studi es in mice (Meriluoto et al., 1990; Nishiwaki et al., 1994) as well as the observed brain abnormalities in mice fo llowing oral exposure to toxic Microcystis aeruginosa extracts (Falconer et al., 1988) and memory loss in rats after intrahippocampal infusion of an MC-LR variant (Maidana el al., 2006) . In add ition, MC congener-dependent uptake, cytotox icity , and assoc iated PP inhibition were demonstrated in primary murine whole brain cells (Feurstein et al. , 2009) . It, however, remains to be investigated, whether MCs can directly affect neuronal cells or act indirectly by damaging other cell types of the central nervous system. First evidence for a direct neurotoxic action stems from an in vitro study of Rudrabhatla el al. (2009) using 1 5~lM MC-LR-exposed rat primary cortical neurons, whereby an MC-LR induced inhibition of PP2A and the con'esponding increase in perikaryal phosphorylation of neurofilaments was demonstrated. Similarly, the MC congener-dependent uptake into primary murine cerebellar granule neurons (CGNs) and subsequent and irreversible PP inhibition (Feurste in el al., 2010) expanded the findin gs by Rudrabhatla et al. (2009) , but neither of the studies provided mechanistic insight to the observed MC neurotoxIcity . Consequentl y, thi s stud y specifi cally compared the capabi li ty of MC-LR, -LF, and -LW to directl y induce caspase-dependent apoptosis, cytotoxicity, reduction of neurite lengths, and associated abnormal Tau hyperphosphorylation in primary murine CGNs.
MATERIALS AND METHODS

Materials
MC-LR , -LW, and -LF were purchased from Alex is Biochemicals (Lausen, Switzerland), and okada ic acid (OA) as well as staurosporine (Stsp) were obtai ned from Sigma-A ldrich (Taufkirchen , Gelmany). Ce ll culture 'media and reagents were purchased from PAA Laboratories (Pasching, Austri a), culture plates from Greiner Bio-One (Frickenhausen, Gelmany), poIY-L-lys ine coated eight-well chamber slides from Becton Dickin son (Heidelberg, Gennany), and cover sli ps from Thermo Sc ie ntiik (Walth am, MA). All other chem ica ls and anti bod ies were from Sigma-A ldrich unless othe rwise stated.
Me/hods
Isolation and neurollal cell cillture. Balb/c mice were obtained from T he Jackson Laboratory (Bar Harbor, ME) and held at the animal fac ility (Uni versity of Konstanz. Germany) under stand ard conditi ons. Sacrifi cc of animals and organ remova l were carried out according to the Gelman An imal Protection Law (registry number: T-07 05). Prim ary murine CGNs were prepared from five-to eight-day-o ld pat hogen-free Ba lb/c mi ce as previously described (Feurstein er al., 20 I 0) . Dissoc iated CGNs were plated on eithe r poIY-L-lys ine-coated plates (50 mg/I) or culture slides at a density of 2. 1 X 10 5 cells/cm 2 and cultured in basal med ium (Eagle's) supplemented with 10% fetal calf serum , 20mM potassi um ch loride, and I % penicillin-streptomycin (37°C, 5% COe). Cu lture medium , containin g 10flM cytosine arab inoside to inhibit growth of g li a cell s, was renewed after 24 h. CGNs were cultured for 3 days and subseq uently used for experimentati on (ex posure to MCs, OA, and Stsp).
Cytotoxicity assay. CGNs were exposed for 48 h to varyin g concentrations of individual MC congeners and ce ll viability detennined using the standard 425 Fisher Scicntifi c, Schwerlc. Germany). Mean ± SEM of caspase-3/7-spec i\ic activ iti es were calculated based on three to six (MC exposures) and four to nine (OA and Stsp) re plicate samples, respectively. The fOlm ation of I pmo l AFC/m in X mg protein was defi ned as I flU.
Westel'll blot analysis Jor abllormal phosphorylated Tall . Abnormally phosphorylated Tau protein was analyzed via western blot in CGNs exposed to 3flM of ind ividual MCs for 24, 40, and 56 h. CGNs exposed to 6.7 nM OA fo r 4, 16, and 36 h served as pos itive controls, glyceraldehyde 3-phosphate dehydrogenase (GA PDH) as housekeep ing prote in . Bri efl y. protein sampl es (7 fI g) were separated by SDS-polyacrylam ide gel electrophores is, blotted onto a nitrocellulose membrane, and subsequentl y incubated with primary antibodies (Tau phosphory lated at sel'l 99/202 using AT8 antibody, I: 1000 [Innogenetics, Gent. Belg ium] : Tau phosphory lated at scr396 us ing pa ired helical fil aments [PHF] I antibody, I: 1000 [Millipore, Schwalbach, Gennany] and GAPDH antibody, I :30,000) for 16 h at 4°C. Following multiple washi ng steps, nitrocellulose membranes were incubated for I h at RT with enzyme-labeled secondary an tibodies (horseradish perox idase conjugated goat anti-rabbit [I: 160,000] and rabbit anti -mouse [I :80,000]). Immunoreacti ve bands were detected by enhanced chemiluminescence (GE Healthcare, Munich, Gennany) followed by an analysis with the free ly available so ftware Image) and using norma lization to the corresponding GAPDH immunoreacti ve band. Re lative densities of AT8 and PH F-I immunoreacti ve bands of treatment groups were then normalized with the re lati ve dens ities of AT8 and PHF-I immun oreactive bands in the corresponding control group .
Investigation of CGN neurite disilltegration and image analysis.
CGNs were e xposed for 4X h to different concentrati ons of indi vidual MCs , (i xed in 4% paraformaldehyde ( 15 min , RT), and s ubsequently pellneabilized wi th PBS containing 0. 2% (vol/vol) Triton XIOO for 10 min at RT. After blocking ( 1% bovin e se rum albumin in PBS) for I h at RT, CGNs we re in cubated with anticlass III ~-tubulin ( 1:800) for 16 h at 4°C and subsequently incubated with Ouorochro me-co njugated goat anti-rabbit-ALX4RX ( I: I (00) fo r I h at RT. Nucle i were counte rsta ined with 2.5~tM Hoechst 33342 (Invitrogen, Ka rlsruhe, Germany) for I () min at RT, mounteci with liu orescent medium (DAKO, Hamburg, Germany), and subsequently visuali zed with an Axiovert 200M liu orcscence mi croscope (Ze iss). For image anal ys is and subseq ue nt ne urite length calc ulat ion , an adapted version of the ne urite tracer plugin For Image ) provided by the Bioimaging Cente r of the University of Konstanz (http://bic wiki .kree loo.de/index .php?title = Im ageJ) was employed. Ne urite le ngth mean ± SEM was calculated based on three indepe ndent replicate ex periments (n = 3) . Images from four to six ran dom ly se lected fi e lds we re ana lyzed per replicate and corresponded to neurite length analys is of appro ximately 300 neurons.
Statistical analysis. Statistically signifi cant differences were dctermined using Prism statistical software (Graph Pad Prism 4.03, San Diego, CAl. All data are presented as mean ± SEM of at least three independent experiments. For data analys is, one-and two-way ANOVA with Dunnett 's or Bonferroni 's post test were applied. Statistical significance was set at *p < 0.05 , **p < 0.0 I, and ***p < 0.00 I.
RESULTS
MC Congener-Dependent CGN Cytotoxicity
MC congener-dependent cytoto xicity was evidenced by the fact that concentrations as low as 0 .8~IM MC-LF ~i g nifi cantl y reduced CGN viability (81 % of control), whereas 5 ~lM MC-LF reduced viability to 8% of control. Conversely , MC-LW concentrations of3 and 5~M signifi cantly reduced cell viabi lity to 63 and 50% of control, whereas MC-LR provided for a min or but significant reduction of ce ll viability (70% of control) at the highest concentration (5~IM) only (Fig. I) .
MC Congener-Dependent Induction of ApoplOsis
The percentage of CGN cells with a characteristic apoptotic nuclear morphology, as indicated by highly condensed chromatin, was highest in cells treated for 48 h with 3~lM (42% apoptotic CGNs) or 5~lM MC-LF (60% apoptotic CGNs) ( Fig. 2A and Supplementary figure I) . Only the highest concentration (5~M) of MC-LW resulted in a signifi cant increase of apoptotic nuclei (32%). In contrast, MC-LR did not prov ide for a ~i g nifi ca nt increase in apoptotic nucl ei, despite employing up to IO~M concentrations (data not shown). CGN exposure to nano molar concentrations of the corresponding positive controls OA and Stsp resulted in the expected A concentration-dependent increase in caspase-3/7 activity, known effector caspases of apoptosis, was observed primarily for MC-LF and to a lesser extent for MC-LW (Fig. 2B) . Moreover, signifi cant caspase-3/7 activation occurred earlier in MC-LF treated than in MC-LW treated CGNs (Fig. 2C) . Corroborating the lacking increased apoptotic nuclei in MC-LR-exposed CGNs ( Fig. 2A) , no increase in caspase-3/7 activation was observed in CGNs exposed to MC-LR irrespective of the concentrations or exposure durations employed (Figs. 2B and 2C ). The known pro-apoptotic and caspase-3/7 activating compounds OA and Stsp served as positive controls to demonstrate the functionality of the apoptotic machinery in CGNs (Suppl ementary fi gure 2B).
As proof of concept that the apoptotic pathway predominates in the MC congener-mediated cytotoxicity CGNs were exposed to MC-LF, -LW, or -LR (5~lM) in absence or presence of 1 5~lM concentrations of the caspase-3/7 inhibitor Z-V AD-fmk (Fig. 2D) . Z-VAD-fmk signifi cantly protected from MC-LWand MC-LF-induced apoptosis (Fig. 2D) . Z-VAD-fmk protection in MC-LW-exposed CGNs was nearly 100% compared with the corresponding Z-V AD-fmk-treated CGN controls. In contrast, the proportion of apoptotic nuclei in MC-LF-and Z-VAD-fmk-cotreated CGNs was approximately 14% higher (p < 0.05) than in the corresponding Z-V AD-fmk-treated CGN controls, suggesting that the pro-apoptotic ac tivity of MC-LF is, partially, independent fro m caspase-3/7 activation .
Me Congener-Dependent Neurite Disintegration
Beyond neuronal death, impairment of neuronal function following morphological changes of neurons is a key factor in the development of neurotoxicity . Indeed, tubulin-dri ven neurite outgrowth serv es as an important endpoint in assessing mo rph olog ica l changes in the axo nal and dendritic network critical for neuronal interac tion, as demonstrated with th e dense tubul in-immunopositiv e neurite network present in control CGNs (Fig. 3A) . Exposure of CGNs for 48 h to 1,5, and lO~l M MC-L F resulted in a dramatic disintegrati on of the neurite network, whereas exposure to MC-LR resulted in only a slight impairment of the neuri te network (Fig. 3A) . Corresponding image-based neurite length analyses revealed an average neurite length of 144.5 ~lm per CGN as well as a concentrationand MC congener-dependent length reduction within 48 h of ex pos ure (Fig. 38) . Indeed , O .5~lM M C-LF led to signifi cantl y reduced neurite lengths (74% o f the average length of corresponding contro l CGNs), whereas hi gher MC-LW (> 1 j..lM) and M C-LR (2: 3 j..lM) concentrations were required to signi fica ntl y reduce ave rage neuri te lengths (Fig. 38) .
Moreover, MC-LF concentrations 2: 8j..lM res ul ted in a complete des tru cti on of the nc urite netw ork (F ig. 3A) with onl y neuri te fragments remaining.
Abnormally Phosphorylated Ta u Following Me Exposure
T he observed disinteg ration o f the neurite network fo llow ing expos ure to MCs could resul t from the kno wn PP inhibiti on capacity o f MCs and consequently from an increased phosphorylation o f microtubule components, e.g ., T au protein. Indeed, MC-medi ated ser/thr PP inhibition in CGNs to approximately 50% of norm al ac tivity was reported earli er (FeUl'stein el aI. , 2010) and corroborated in 48-h exposure experiments (Supplement ary fi gure 3). Notably, irrespective o f the MC congener concentrati on employed, th e exposure o f CGN homogenates to MC-LR (Supplementary fi gure 3A) and -LF (S upplemenl ary fi gure 3B) resulted in comparable levels of ser/thr PP inhibition, The, albeit not stat isti cally signi fica nt, di ffere nce in max imum ser/thr PP inhibition achieved with MC-LR and -LF lll ay suggest MC congener-specific PP inhibitio n capacities fo r the ser/thr PP present in CGNs. However, when exposing who le CGNs, no MC-LR uptake was observable as delllonstraled by th e absence o f sign i fica nt Tau phos phorylation at ser1 99/202 (anti-PHF AT8 antibody) and ser396 (anti -PHFI antibody) was observ ed in control CGNs, in CGN s ex posed for 24, 40, and 56 h to 3J..lM MC-LR, MC-LW , and MC-LF as well as in CGNs exposed for 4, 16, and 36 h to 6.7nM OA (Fig. 4) . However, exposure to MC congeners and the positive control OA resulted in much higher signal intensities for both AT8 and PHF I when compared with control CGN s. Increased AT8 and PHF I was evident at 4 h in the OA-exposed CGN s but not thereafter (Supplementary table  I) , suggesting a rapid onset of Tau phosphorylation. In contrast, differences in onset and d urati on of Tau phos phorylation were observed for the three MC congeners. MC-LF induced a rapid onset of AT8 and P HF1, similar to OA (Supplementary table 1) with decreasing signal intensities for both AT8 and PHF I over increasing exposure time. This trend was also evident for M C-LW, albe it not as pronounced, i.e., an AT8 signal was still observ able at 56 h, whereas this was less the case for MC-LF. In contrast, MC-LR induced a sustained A T8 and PHF I signal independent of exposure durati on (Supp le mentary table 1).
DISCUSSION
Unlike OA, MC-induced neurotox icity can onl y evolve if transporters capable of transporting MCs are expressed at the BBB and in neurona l ce ll membranes, as iclentifi ed in human (Hagenbuch and Meier 2003; Miller, 2010) , rat (Enerson and Drewes, 2006) , and mo use (Dahlin el al ., 2009 ) BBB. To date, MC transport was shown fo r the human OAT Pl A2 (ex pressed, e.g. , at the BBB), 1 Bl and I B3 (ex pressed in the liver), as well as rat and murine Oatp 1 b2 (Fischer el al ., 20 10; Komatsu ef al ., 2007 ; Lu el al., 2008; M onks et al., 2007) . Moreover, MC congener-dependent uptake of MC-LR, -LW and , -LF via mOatps was reported in primary murine CGNs (FeLtl'stein el aI. , 20 10). A lthough these findin gs and those by others suggest that individual MC congeners could be neurotoxic in mammals (e.g., Ma idana el al., 2006) , little evidence has so far been brought forth to substantiate this hypothes is.
T he in. vitro data results presented in this study (Fig . I ) thus unequivocally demonstrate th at MCs induce primary murine neuron neurotox ic ity in a congener-and concentrationdependent manner. The pronounced to xic ity of MC-LF, when compared with other congeners (MC-L F > > MC-L W > M C-LR), was also substantiated by other endpoints determined , i.e. , increased apoptosis (F ig . 2) and the loss of neurite network integrity and ne urite length (Fig. 3) . Moreover, the latter observ ati ons corroborate earli er findin gs w here increased cytotoxicity was reported for MC-LF in HeLa (Monks ef al., 2007) or HEK293 cell s transfected with the human OATPIBI and/or I B3 and in human primary hepatocytes (Fischer et al., 20 to) (Fischer et al., 2010; Komatsu el al., 2007; M onks ef al., 2007) The latter ass umption is corroborated by data (Supplementary fi gure 3) demonstrating that MC-LR-and MC-LF-mediated PP inhibition in CGN homogenates is not different, whereas in wh o le CGNs (demanding mOatp transport), a signifi cant reduction of PP activity is observ ed in MC-LF-treated cells, whereas this is not the case for MC-LR-exposed CGNs. MC-LF-mediated CGN cytotoxicity is primarily characterized by caspase-3/7 activation-mediated apoptosis (F ig. 2), suggesting that the rapid uptake of MC-LF and the concomitant inhibition of ser/thr-PP result in overt apoptosis. Moreover, the MC-LF-induced caspase-3/7 activation-media ted apoptosis was inhibitable by the caspase-3/7 inhibitor Z -V AD-fmk. In contrast, MC-LR exposure neither increased the number of apoptotic nucle i nor did it measurably activate caspase-3/7. MC-LW-mediated apoptosis and caspase-3/7 activation were signifi cantly increased but not as pronounced as th at observed for MC-LF. In view of the fact that certain protein kinases (e.g., stress-activated prote in kinases) can act as positive regulators of apoptosis, th e specifi c inhibition o f PP I and 2 A additionally promotes onset and progress ion of stress-induced apoptosis (Pei el at., 2003 ; Ray el aI. , 2005) . Consequently, the degree of PP inhibition may determine whether or not cells will undergo apoptosis. In context with MC-mediated PP inhibition, the data in this study suggest that the rate of active MC transport governs the degree of PP inhibition ac hievable within a g iven cell type and exposure time and thus w heth e r suffi cient PP inhibition can be attained to promote onset of apoptosis. Indeed , contrary to findin gs in CGNs shown here, MC-LR was demonstrated to induce apoptosis in primary rat hepatocytes (Fladmark el al., 1999 (Fladmark el al., , 2002 , via PP2A inhibition-medi ated Ca2+ / Calmodulin-dependent prote in kinase II phosphorylation and thus activation o f caspase 3 and via mitogen-activated protein kinase s ignaling pathways in human OATP I B I and 1 B3 ex pressing HE K293 cells (Komatsu el al., 2007) . Both cell systems, however, spec ifi call y ex pressed rOalp I bl and OATPI B 1 thus enabling selectively high rate MC-LR transport, whereas this was not th e case in CGN s. As assembl y and disassembl y of microtubules are gove rned by dephosphorylation and phosphorylation , respective ly , a more rapid development of neLll'ites disassembly would be expected for MC congene rs more effi c ientl y tran 'ported into CGNs, as demonstrated by the neurite network and neurite length rapidly affected by MC-LF and -LW but to a much lower ex tent and primarily at very high concentrations of MC-LR (Fig. 3) .
Concomitant with visible e ffects on neuritis, an increased presence of aberrantly phosphorylated proteins involved in neurite structural homeostasis (F ig. 4) was observ ed. Abnonnal phosphorylation of the microtubule-associated Tau prote in, e.g., at Tau epitopes serl 99/202 and ser3 96, has been described in pathological Tau-hyperphosphorylated PHF form ation, microtubule dys function , and cell death (Iqbal el al., 2009; Rametti el at. , 2004; Yoon e l ai., 2006) and in rat primary cortical neurons ex posed to 151lM concentrations of MC-LR (Rudrabhatla el aI. , 2009). However, hyperphosphorylation of Tau is also found under normal conditions in the neuron to downregulate neuronal activity transiently and reversibly, as is the case during fetal neuronal development, albeit the degree of hyperphosphorylation of tau under th ese circumstances is much lower than that observed, e.g., in Alzheimer's disease (Iqbal e l ai., 2009; Pe i el al., 2003) . It is thus ex pected that control CGNs presented with a low bu t detenninable level of hyperphosphorylated Tau at epitopes serJ 99/202 (AT8) and ser396 (PT -fF-I). Tn contrast, exposure to the specifi c PP2A inhibitor OA (positive control) as well as to the three MC congeners resulted in a drastic increase of AT8 and PHF-I (Fig. 4, Supplementary table I 2007) , the level of AT8 and PHF-1. most likely correlates with the rate and amount of MCs that reach the neuron . Indeed, as OA passes freely through the cell membrane, AT8 , albeit not PHF-l, increases rapidly . A similarly rapid increase of AT8 is observed for MC-LF and to a lower extent for MC-L Wand -LR. However, in contrast to OA , all MCs induced a much stronger increase in PHF-I (Fig. 4, S upplementary table I ). The latter could suggest that MC-LR-induced Tau hyperphosphory lation already occurs at lower intracellular MC concentrations and thus PP inhibition than what is required to trigger apoptosis and caspase-3/7 activation. Provided this hypothes is holds true, MC congener-induced Tau hyperphosphorylation could occur already at extremely low intracellu lar concentrations. Indeed, th e latter hypothes is is al least supported by the observation that neurite network degradation already occurs al MC-LF and -L W concentrations (~ I ~lM) (Fig. 3) th ai do not signifi canll y increase apoptos is (Fig. 2) .
Hyperphosphorylated Tau has recently been reported to be cleaved by caspase-3/7 in vitro and in vivo, and it was suggested by the authors that this event represents an early event in Al zhe imer's di sease tangle pathology and other neurodegenerative diseases (C ribbs e l at. , 2004; Guo e l at., 2004; Rametli el al., 2004; Sahara el at., 2008) . The question , however, remains to be resol ved what levels of Tau hyperphosphorylation are required to trigger activation of caspase-3/7. If indeed the levels of hyperphosphorylated Tau induced by MC-LF and -L Ware suffi cicntl y hi gh 10 disrupt the neurite nelwork but at the same time are suffi c ientl y low as not to trigger activation of caspase-3/7, thi s would suggest th at low neuronal concentrations of MC-LF and -L W could provide for a continuous neurite degeneration and thereby to the onset of neurodegenerative diseases. Despite the obvious spec ies differences among humans, mice, and rats with regard to OATP/Oatp expression and thus MC transpOlt, the recent investi gation by Maidana el at. (2006) on the adverse effects of MCs on the short-and long-term memory loss may serv e as indication that above hypothesis is not unfounded.
In summary , the data presented here suggest th at MCs are potent neurotoxins with MC-LF being the most toxic variant. Moreover, the in vitro findin gs also demon strate th a t M Cs are able to induce neurodegenerative effects already at low concentrations in murine neuronal cells and thus s uggest that similar neurodegenerative effects could potentially b e observed in humans subchronically or chronically exposed to MCs.
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